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Caviton Collapse of SRS by SBS

Charles Aldrich, B. Bezzerldes, D.F. DuFIoIs, and Harvey Rose
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USA

particle simulations are performed to show that Lhe ion waves resulting

from Stimulated Bril louin Scatter (SBS) can trigger tile cnllapsc of tile

plasma waves excited by Stimulated Raman Scatter (SRS).We discuss the effect

of this cnllq!$~(’ lllPL-h;illiS71 on the hot-electron spectrum produc~’d bS tlIu

electrostatic waves. A fluid ❑odel for the couplinc of tl~c 1011 fluctuatioll~

to Lilt’ p] asrno W;IVUS is formulated and we discuss the ‘,CC’FSFilr~ CollClitiOll 011

the StlS to induce collapse of the pla~m:l waves prduccd by S1{:;.
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In trodu’i tlon

The electron plasma waves produced upon Stimulated !taman Scatter from

lacer-produced plasmas can generate high-energy electron6. As is well-

known, theee electrons can degrade laser-fusion target gain, and therefore

it is crucially important to determine the level and spectrum of the6e

plasma waves. The simplest approach pos6ible is to assume that the wave6

grow and saturate by wave breaking with the spectrum localized about the

linearly most unstable ❑ode. This assumption leads to a simple estimate for

the hot-electron temperature, i.e. , that Th= 1/2 v
2

, where v is the
ph ph

phase velocity of the fastest linearly growing ❑ode of the Raman

instability. Such an estimate would no longer be applicable if ❑ode-

coupling can become important eince the fundamental assumption of

localization about the lineariy fastest growing mode would be violated.

Indezd, recent work on LanUmuir turbulence shows that the ion fluctuations

caused by the ponderomotive force of the Langmuir waves have a fundamental
.
1

effect on the wave spectrum. The io.I fluctuations provide nucleation

points for plasmon wave packets which are driven up by the external so rce

in a manner analogous to a driven resonant oscillator. There is no residual

impact of the original linear instability process on the final steady-state

spectrum. For the laser-plasma scattering problem an additional source of

ion fluctuations can ariac directly from SIJS. These density waves can

directly nucleate electron plasma oscillations. If the pond(?romotive force

from these driven plnsm;l wnvc’s cnn exceed thtit originally due to Llle SIJS,

the reaction back on thli df.n~ity wavea can lend co collapse 01 cll(~ pl(lsl!l:l

Wtlvea. TIICRC CO1l:lIIKIIIH pl~l~ma waves will tll(’n hr ~uh.loct to ll15slpnti0n

ttlruuflt~ l]Ot-clectrOll }:l’ncrnLlonO

Pa; title Simulntinn ReNultR

We have performed nIrnulntlona in wlIfrll n lnr~c nmplltlldo rfrculnrly

pulnrfzcrl light wnvc at frvquuncy k. in Inittnlizcd nt t = (1 fn n pl~rlodir



3

relatively early time in the emulation run. This field is predominantly

excited at the ❑ode 12, where the scattered wave is at mode 4 for reference

and the incident wave is at mode 8. Thus from the matching condition on the

ion wave one would expect excitation of the ion wave at mode 16. A result

confirmed by Fig. l(b), a snapshot of the the ion densiLy. In Fig. l(c) a

later-time snapshot of E is shown for comparison. At these later times F

has taken on the symmetry of the ion density waves, i.e., the electric field

is now phase-locked to the ion waves. In addition to a distirlct change in

the spatial symmetry of the electric field at this time, there is sig-

nificant evidence of wave steepening. Tn Fig. l(d) we show the electron

energy distribution at late time. The spectrum shows evidence of ~trong

electron heating. The same calculation was performed for fixed ions. In

contrast to the result~ recorded in Fig. 1 no wave steepening occurs and

there is no evidence of particle heating. Thu* one may conclude that th(’

presence of th iGn waves from SBS can strongly modify the character of the

electron velocity spectrum. Without the SBS coupliiIc the light wnve allL] thti

two daughter waves of the Raman Instability simply enter u cycllcal exchauce

of energy if there is no intrinsic dissipattun o~ the waves. This resillt

follows since the simulat~on solves the initial VRIUC problem . For this

fixed ion case If pump energy was continuously supplied c() tl~u ;~l~~sm~~ LIIU

W~V~S woulij have ~rowrl Ln sucl-1 hlfiti lntenS~ty th~t tllt*y wc)IIlri evcntun]ly

result in wave-breaking.

Fluid Model

our nttwntion to wave propn~ntton in one climonsionj i ●.) wc fir3r3umd for

Hlmpl lcity that tlll~rc’ 1s OIlly !;IIJIL1; II V;ll’ lil t 101) I 11 011(” II f l’il(” I 1{}11. I’rol,l

Nnxwe]l-s equaticnn wu write
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L AT R - neAT,

where L = No/ wP=2 ( a2t -c2a2x+ wpe*). The total denoity of electrons is

given by No + ne, with No the background density. We now write AT- A1+ Ah,

1 h
and n = n +n . Then on substituting into the equation for AT,

e e e we find

that

11LA1m - ne A - <n hAh>
e )

hh
LAh=-neA-n elAh- ( nehAh- < nehAh> ).

We have not epecified what 1 and h denote at this time. We now rely on tht’

physical assumption that it is possible to separate out a density fllJctua-

tion varying

me. WC drnote

2on a time scale slow compared with l/M , where M -4nKoc~/
P P

1
n 11as this density fluctuation,

e an{l till: remainder by n . TIIL’
c

project~on operator < > proJects otlt all tine ,iepencicnces varyinfi on tll~

same slow time scale. If at this juncture we wish to identify a pump m(~[l~’

WLI write A]= ,40 + A1 Now if Ao is asstlmed large compared to AIO
s“ ii 1s

ndtu]-al to

are taecond

und A1~ to

choose the equation which A satisfies
o

order in the fluctuating quantities.

Siitisfy tllr I?q(l,ltlf)ns,

to have source

Therefore, we

terms wl,i,’1}

LIL’flnL’ ,\o,

L AIF~ - n,,lA .
0

Thrn the coupled mot bccomee
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(L+nel) Ah -- n “A - nehAla-
● o

( n=hAh - <nehAh>)

11L A. - . ne A ~- <nehAh>

The usual coupled set of equations for the pump and scattered fields follows

if we ign~re the ne
lh

A term on the l.h.a. and the laat two terms on the

r.h.e. of the first equation ot this coupled set.

AlternntfvPly, if we do not separntv c:lt A1a , we have

( L+ nP1) A1 = - <n ‘Ah>,
e

( L+ nel) Ak = - n “,Ih,
t’

if we U~ilill itlnoru the term (n ~llAh - <nehAh~) correspondin~ to hi:her

harmonica. We note tllflt from this approach the contribution due to source

1
n euti~r~ symetriiqally in the two equations, and the usual Briliouin

c

instnhllity then
11

IR cont6ined in the density term n= A . If we set nel= n,

h h h
n =n,n throu~;h the unw~z n“ = -1/8ne VXE exp iwpt + c.c., where thp

e

iimplftudu 1s tiiowly vnryin}: on the’ time’ Ecale l/uI and the total
P’

clcctromfq:wtlc field in termM of the ansntz A1= l/2exp iwot + C.C.P and

Ah- 1/2 A+e%i~ ih)+t +1/2 A CXp i~-t + C.C. , with fAI= Wp# UI
*

~, corrcaponding

to liRht at the pump fruqu(mcy Ul(,, nnd ncuttered waves up nncl down ehjfterl

from the pump frrquvnry, we find Lllnt thv Hlowly v~ryjn~ nmp]ltudcs A*, nnd

E are Mivcn by thu oquntlonm.
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( 2iu4 at+ (UP2- U+2,
- ~28 2A 22n/ No ) A*= ‘p / 87Noe ax~ Ac,

x’ ‘P
(1)

(21up~t+ up2n/No - 3 v=2~x2) E = -1/2 up2/c2(e/m)a~A*A+ + AA-), (2)

respectively, and n is the 6olution of,

( 3:- CB2 2ax )n= 1/16mM ax2(lE12+ Up2/ C2(IA12+ IA+12+ IA-12)). (3)

ln Eq.(1) the c denotes conjugate for the minus wave only, and In Eq.(3) c~

is the ion Bound speed. These equations have been derived from the ~tandard

fluid equations for the electron snd ion epecies where electrostatic

steepening terms h~ve heen neglected. This assumption is generally regarded

as -Justified so long as ne/No < 1.2 We would point out that Eqs. (2) and

(3) are analogous to the well-known Zakharov equations,l where the so!Jrce

term in Eq. (2)

source term in

electromagnet tic

field. We have

ie the result of the beat of

Eq. (3) hus ponderomotive

wave as well as the usual

not written tile equation for

A and the #tattered waves, and

force contributions from the

one due to the electrostatic

A, which wol:ld control the pimp

and the llrilluuin scattered wave since in tile nexL section we will consid~)r

the case of a fixed pump.

For the sake of orientation with respect to the atimulatecl scatter in-

stabilitie~, we note tllfit if we neglect n in F,q. (l), wc rcrnvur t’llt~ tlsil:ll

Ranla[l lllsLllJ1lity. Tl!u Ilrll!.otlfll ~tls~i{hlllty, on tl)(’ otllljr I);ln(l, rl’s~;lts

from the neglect of A+ and t? in thr equntion for A.

Condltfons on Caviton Collapae

Before invcstlgnting tl~e conditions for collitpHc, wc firHt roll!illl~lr tlI(I

effect of a growing periodic density modulation on SRS. lf we Ignore tht’

emall contribution of A+, set A - Ao, i.e., f}~ll[)r[~ pilmp [l[*plrtlOn aIItl tlIII

contribution to A from the backecattered Brillouin wnvc, we cnn wrl tc for

Eq. (2),



(iat - ax2)E + nE = -1/43 AOA-. (4)

For notational convenience we have introduced the normalized units:

t*= 3/2 M/m u ‘1,
P

n*_ 4/3 Nom/N, x*= 3/2 ~}l/m(ve/up), E*= 8 4mNo/3~e(=~h~),

and A*u Up/L E*.

As compared with the case of the usual SRS instability, where it is ap-

propriate to employ plane wave states for the spatial variation of E, with

nonzero n it is more useful to employ the solutions to the eigenvalue equa-

tion,

( A+ ax2)$- n(l(,t)lj= o. (5)

For a periodic s?atial variation of n, Block-a’ theorem lets us write

$k = exp ikx Uk(x), (6)

where uk hae the periodicity of n , and due to the spatially periodic bound-

ary conditions in a box of length L the k-s are k = m/An( 2p/N - 1),

3
p=l,2, . . ● , No Here An is the period length of n and L = h’~,l. If we

use as an example the calculation of the previoun section, for which L-164
n’

anfi An is the wavelength determined by the Brillouin instability, we find

that k includes 16 moclcs, -7,. . . ,0, 1, . . ., 7, 8 where mode 1 is 27/L.

The various k-s nre the band labela. Since Uk(x) is periodic wittl LIIC

period of n it can be decomposed into plane waves which are integral Iuul-

tiples of mode 16. Therefore of the 16 possible k modes only mode -4 gives

11 $ which haa an overlap integral with the r.h.s. of Eq. (5), which iS a

source at mode 12. Ye conclude then that e and therefore E in romposed of

Lht’ plnnc WilV(’ c-omponcnts at modus 16s - 4, for integer a.

As a simple approximation for the Bloch state we consider the two

Iowcst energy moclcs, i.e. ,tne oupcrposftion of modem 12 and -4. Then we

(’illl writ~~
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*- l/4L ( V12exp -ik12x + ~-4exp -ik-4x ), (7)

which when substituted in Eq. (5) gives a 2x2 matrix equation for the Blech

states and their eigenvaluea. For the eigenvalues we have the solutions

A* -1/2 ( k42+k12 2, + (ln(16)12 + 1/4 ( k42- k122))1’2

To solve for E in Eq. (4), we use the anRatz

A_(x,t) = A-(t) exp ( iwsct - ik~cx ),

Ao(x,t) = AoeXp ( iuint - ikinx),

(8)

(9a)

(9b)

for the incident and scattered Raman light waves. The relation between u

and k for the Ij.ght waves can be taken to be the same as when I? - 0 since

the spatial dispersion for light i~ so large. .41s0,
2

so lnn.g as A << L qe,

we find k~c as given by the linear frequency-matching condition. Then u “
Sc

ki22 , ksc- k4, uin= O, and kin= k8, taking account of the phase convention

on the electromagnetic fieldR and the normalization of units. Fcr E we

wr i te

.
E(x,t) - H+(t) exp i~~ A+dt ~+(x,t), (10)

neglecting the contribution $_, since for early times A+- k122 and is fre-

quency matched to the source, whereas A-- k42, and thereforu starts out

mismatched and the growing n merely increases this mismatch.

Substituting these expressions for E, A-, A. into the equations for E

and A we have the coupled set

.
i~t H+(t) - a(t) AoA-(t) exp i~ Awdt , (Ila)
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.
i2tH+(t) = B(t) AO*H+ Exp -i~ Au dt , (llb)

where a(t) = ik12(L/3)1’2~12+, j(t) = ltdL up/(uo- up) a*,

ILIl~= l/4L j exp ik 12X $+, and the mismatch, Au=k 2-A
12 +“

This coupled set can be eolved for H+ and A in terms of their initial values

to give

.
H+(t) - H+(0) exp ~ (y + 1/2 Au) dt ,

A-(t) = A (0) exp ~ (y + f/2 AWUdt-,

(12a)

:12b)

2
where the growth rate Y is given as y = r - 1/4 AU2, and r2=afi IAol 2=

k122/3 :cp/(u- IJp)LIO!21;12+I.
o

We can write r 2as

r2
= VR21V12+I , (13)

where VR is the usual SRS growth rate. The effect of tlie density ❑ovulation

on SRS is now clear. As n grows, 1$+31 initially equal to 1 decreases and y

drops. In addition, growth of the density ❑ovulation lntroduce6 a nonzero

frequency mismatch which hns the effect of detuning the instability.

Having now studied the question of the influence of the density wave

of SDS on the plasma waves of SRS, we turn to the issue of what is the ef-

fect of the electron plnsma waves now back on the ion density fluctuation.

The direction that the nonlinear evolution of the plasma takes emerges from
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The direction that the

this coupling. Drawing

nonlinear evolution of the plasma takes emerges

from our experience with the Zakharov equations

can state that the condltiora for collap~e 1s that pressure due to the

from

, we

pon-

deromotive force of the electrostatic waves exceeds that due to the beat of

the pump and the scattered Brillouin wave. We could derive the necessary

condition which would

However we will merely

the fact that a nonzero

excited electrostatic

Brillouin scatter. Tnus

lead to collapse using the above simple model.

draw some qualitative conclusions here. We see that

contribution to this pressure arises from the Raman

waves is due to the density modulation caused by the

IE12 has a term which varies spatially as cosk,.x
LL

just as tl-e ponderomotive force from the Brillouin beat. On the other hand

the density modulation can actually quench the instability. If this quench-

ing due to detuning occurb at a very early stage the electrostatic waves

will not grew to a sufficient level to influence Lhe density and the LOl-

lapse mechanism will not be triggered. Thus we rni~+t expect that if Vk<< VB

collapse will not occur. If VR>> VB, however, the electrostatic waves may

grown so rapidly that the Brillouin density ❑ovulation

feet on the nonlinear development of the electrostatic

will occur ). NOW in the veck-coupling limit

instability2we fins that

where g is a slowly varying decreasing function of the

might have little ef-

waves (wavebreaking

for the Brillouin

hack~round density. (

g-l for 1/4 nc). Thus for kilovolt plasmas to have wave-brcakln.g dominate.

i.e., to satisfy VR>> VB we must bc in the stron~-co[lplin~ limit for

Brillouin and therefore the intensity must be so strong that

1A ~2 > 2 X #3Te3/2 (kcv) Nc/No Watts-micron2/cm2,
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which is the condition for strong-coupling. For 1/4 micron light, a

kilovolt plasma, and a density of .1 critical, this condition corresponds

15
to an intensity greater than 3 x 10 W/cm2.

We can conclude from the tentative results presented here that the hot-

electron spectrum caused by the Raman instability may require a more

complete understanding of the bngmuir t~rbulence than has been previously

believed to be the case from earlier simulation results. In particular, f~r

relatively lower intensities of laser drive the wave-breaking mechanism will

have to be replaced by an alternative heating mechanism.
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Figure CapLi~,~s

Figure 1 Periodic particle Simulation with following parametera:vo= .03,

v = .0357, M/m - 100, Fig. l(a) is the electrostatic field at
e

time t-596.90. Fig. l(b) is the electrostatic field at time t

-816.81. Fig. l(c) is ic density at time t = 816.81. Fig. l(d)

is the averaged distribution function. (Units here:

EX*= eEx/mw v*= vx/ c, N*/ N=, X*= c/uo.)
0’
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